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Abstract

Flow visualization techniques were used on the X-
29A aircraft at high angles of attack to study the vor-
tical flow off the forebody and the surface flow on the
wing and tail. The forebody vortex system was stud-
ied because asymmetries in the vortex system were sus-
pected of inducing uncommanded yawing moments at
zero sideslip. Smoke enabled visualization of the vor-
tex system and correlation of its orientation with flight
yawing moment data. Good agreement was found be-
tween vortex system asymmetries and the occurrence
of yawing moments. Surface flow on the forward-swept
wing of the X-29A was studied using tufts and flow
cones. As angle of attack increased, separated flow ini-
tiated at the root and spread outboard encompassing
the full wing by 30° angle of attack. In general, the
progression of the separated flow correlated well with
subscale model lift data. Surface flow on the vertical
tail was also studied using tufts and flow cones. As
angle of attack increased, separated flow was observed
to start al the root and spread upward. The area of
separated flow on the vertical tail at angles of attack >
20° correlated well with the marked decrease in aircraft
directional stability.

Nomenclature
Cr, lift coeflicient
Chr, yawing moment coefficient for 0° sideslip

(positive, yaw to the right)

Chp variation of yawing moment coefficient
with sideslip angle, deg
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C variation of yawing moment coeflicient

ngR

with rudder angle, deg

C, pressure coeflicient

FS fuselage station

NASA  National Aeronautics and Space
Administration

o angle of attack, deg

B8 angle of sideslip, deg (positive, nose left)

ACr, .., variation of yawing moment coefficient with

sideslip angle caused by the vertical tail,
Cn, (tail-on) — Cy, (tail-off), deg

a, angular location of the midplane between
the right and left forebody vortices (0°
is top center, positive is to the right as
viewed from back of aircraft, negative
is to the left), deg

Introduction

Since 1984, the X-29A (Fig. 1) has been flight tested
at the National Acronautics and Space Administra-
tion (NASA) Dryden Flight Research Facility at Ed-
wards, California. The aircraft was built by Grum-
man Aerospace Corporation (Bethpage, New York),
and has been jointly tested by NASA, the United States
Air Force, Grumman Aerospace Corp., and Honey-
well Inc.  (Minneapolis, Minnesota). Flight testing
from May 1989 to February 1991 successfully expanded
the X-29A flight envelope to include the high-angle-
of-attack regime. The aircraft was flown up to ap-
proximately 67° angle of attack (o) and was found to
perform well at high angles of attack. Webster and
Purifoy! in their flight report on the high-angle-of-
attack flying qualities stated that the aircraft exhibited
good longitudinal stability, control, and maneuvering
characteristics below 50° angle of attack. Although
a mild wing rock was present at « > 37°, Webster
and Purifoy reported good lateral-directional stability,
control, and maneuvering characteristics for angles of
attack < 45°.
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(a) Overall front right quarter view.

Fig. 1. X-29A research aircraft.

A follow-on flight test program was conducted in the
summer of 1991 to perform aerodynamic investigations
in three areas that were believed to affect the X-29A
high-angle-of-attack characteristics. The program fo-
cused on the forebody, wing, and tail.

The forebody from an F-5A aircraft was used on the
X-29A to reduce developmental costs. In wind-tunnel
tests before the fabrication of the aircraft, undesirable
forebody vortex asymmetries were observed starting as
low as 23° angle of attack with the basic F-5A forebody.
As a result, the forebody was modified to reduce these
asymmetries.®»3 The modifications consisted of short-
ening the forebody and adding nose strakes. Shorten-
ing the forebody has been found to increase the onset
angle of attack at which forebody vortex asymmetries
form, and nose strakes have typically been employed to
promote symmetrical vortex shedding.

The forebody modifications appeared to work well,
as yawing moments at zero sideslip (8) were not ob-
served in flight until the angle of attack reached 40°.
Webster and Purifoy indicated that a nose-right yawing
moment was encountered at 40° angle of attack and re-
mained up to 48°. At a > 48°, the yawing moment re-
versed to the left, Webster and Purifoy as well as Klein
et al.® attributed the yawing moments to asymmetries
in the forebody vortex system. To determine the effect
of the forebody vortex system on the X-29A at high an-
gles of attack, the vortices were visualized using smoke,
and their positions were correlated to yawing moment
data.

On a conventional aft-swept wing, as the angle of
attack increases, the flow over the wing begins to sepa-
rate at the wingtip and moves inboard. On a forward-
swept wing, however, the flow separation begins at the
wing root and moves outboard.? This provides attached
flow over the ailerons up to moderate angles of attack.
In the follow-on flight program, the separation pattern
was documented using surface flow visualization tech-
niques and was correlated with overall lift on a subscale
model.

Surface flow quality on the vertical tail at high an-
gles of attack was also of interest because the tail is
immersed in the low dynamic pressure wake from the
wings and the fuselage. Since the vertical tail is a prime
contributor to the aircraft directional stability, the flow
quality on the vertical tail was correlated with sub-
scale model directional stability as a function of angle
of attack.

This paper presents descriptions of the X-29A air-
craft, the flow visualization experimental setup, and
the test conditions. This is followed by a discussion
of the off-surface and surface flow visualization results.
The surface flow visualization data on the wing and
vertical tail presented in this paper range from 5° to
30° angles of attack. The off-surface flow visualization
data of the forebody vortex system presented range
from 25.5° to 50.5° angles of attack.



Aircraft Description

Figure 1 shows several photos of the X-29A aircraft.
The aircraft was designed as a technology demonstra-
tor and features a forward-swept wing, close coupled
canards, and relaxed static stability.»? A single tur-
bofan engine powers the aircraft. The X-29A uses an
F-5A forebody that was modified by shortening it 11 in.
and by adding a nose strake and a flight test noseboom
at the apex.® The noseboom and strakes are indicated
in Figs. 1(b) and 1(¢).
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(b) Overall front view.

Experimental Setup

The forebody vortices were visualized with smoke us-
ing the same method employed on the NASA F-18 High
Alpha Research Vehicle.5~1° The smoke was produced
by igniting a pyrotechnic chemical composition stored
in small cartridges approximately the size of soft-drink
containers. Four cartridges were placed inside a hous-
ing which was located in the forebody of the X-29A.
A flexible duct routed the smoke from the cartridges
inside the housing to a “Y” which diverted smoke to
an exhaust port on each side of the aircraft, as shown
in the schematic in Fig. 2. The smoke exhaust ports
are located just under the nose strakes as indicated in
Fig. 1{c). The ports were 17.5-in. aft of the nose apex
and had 1-in. diameters. The cartridges generated up
to 30 sec of dense white smoke. All four cartridges were
required for adequate smoke density, allowing only one
smoke test point per flight. Ignition of the smoke car-
tridges was controlled by the pilot. The smoke car-
tridges were found to be most effective in producing
smoke at altitudes below 30,000 ft; therefore, all test
points were conducted below that altitude. Figure 1{b)
shows that the right side of the aircraft forebody was
painted flat black. The black surface provided maxi-
mum contrast between the white smoke and the back-
ground when viewed by the wingtip cameras.

Surface flow visualization was performed on the wing
upper surface and vertical tail using flow cones and
tufts.5=1! Although flow cones were preferred because
of both their stability and visibility, tufts were used
on some locations because they were less likely to de-
tach in highly turbulent locations (i.e., on the wing in
the canard wake at high dynamic pressure flight con-
ditions). The tufts and flow cones were attached to
the upper surface of the right wing, the right side of

Nose strake

(c) Closeup of nose apex, side view.

Fig. 1. Concluded.
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Fig. 2. Top view schematic of the smoke flow visualization system (not to scale).

the vertical tail, and aft portions of the right side of
the fuselage. The tufts and flow cones on the wing sur-
face were spaced 16 in. apart in the spanwise direction
and 9-12 in. apart in the chordwise direction. Verti-
cal spacing of the tufts on the tail surface varied from
10-12 in. apart near the base to 5 in. near the top, and
horizontal spacing varied from 12-16 in. near the base
to 5-7 in. at the top.

The flow visualization results were recorded using
two sets of cameras, which are indicated in Figs. 1(a)
and 1(b). One set was housed at the base of the vertical
tail and consisted of an 8-mm video camera-recorder
(camcorder) and a 35-mm still camera. The cameras
were positioned to look either directly forward over the
canopy at the smoke or to the side at the tufts and flow
cones on the right wing surface. The other camera set
was located at the right wingtip and consisted of a
video camera and a 35-mm still camera. This camera
pair was positioned to look either at the smoke over
the forward fuselage or at the tufts and flow cones on
the vertical tail. The wingtip video was telemetered to
the ground station, monitored by the researchers, and
recorded on digital videotape. The 35-mm cameras
were controlled from the ground station. The shutter
speed of the wingtip video camera was 1/10,000 sec and
that of the tail camcorder was 1/4000 sec. The shutter
speed used with the 35-mm cameras was 1/1000 sec.

Angle of attack was measured from three indepen-
dent vanes mounted on the noseboom which can be
seen in Fig. 1(b) (the need for three angle-of-attack
vanes was a redundancy requirement for the aircraft
flight control system). For high angles of attack, the
vanes were calibrated using the aircraft inertial nav-
igation system and meteorological analysis of rawin-
sonde balloon data.}?!3 Sideslip was measured using
a single vane also located on the noseboom. All flight
parameters, video, and still-camera photographs were
coordinated using a local timing standard.

Test Conditions

All flight test results presented were documented in
1-g flight. Three types of maneuvers were used to
obtain the data: (1) stabilized at a constant angle of
attack and 0° sideslip, {2) wings-level sideslip at a con-
stant angle of attack (a < 37°), and (3) in wing rock
at constant angle of attack (a > 37°). The wing rock
at a > 37° was uncommanded by the pilot and had a
period of approximately 3 sec. Off-surface flow visu-
alization data presented here range from a = 25.5° to
50.5°. Surface flow visualization data presented range
from a = 5° to 30°. All test points were flown at alti-
tudes between 17,000 and 30,000 ft.

Results and Discussion

Off-Surface Flow Visualization

The smoke emitted through ports below the nose
strakes was entrained in the forebody vortex system
and was documented by the tail and wingtip cameras.
Figure 3 is a photo of the forebody vortex pair at a =
49.7° and B = —6.1° as seen from the wingtip 35-mm
still camera. As angle of attack increased, the vortices
seen from the wingtip camera became better defined
and their distance from the top of the forebody in-
creased. The forebody vortex pair visible in Fig. 4 was
taken by the tail 35-mm still camera at o = 33.2° and
B = 1°. The vortices appear from this view as a pair of
white lobes with a dark region midplane between them.
Similar tail video images were analyzed, and the pair of
lobes were observed shifting to the left and right on the
upper surface of the aircraft. As the lobes shifted, the
dark region remained between the two lobes and shifted
with them as a unit. This dark region or midplane was
considered representative of the vortex system angu-
lar position. Based on the wingtip video, the image
recorded by the tail cameras is believed to correspond
to the longitudinal plane about halfway back on the
aircraft canopy.
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Fig. 3. Wingtip camera view of forebody vortices, o = 49.7°, 8 = —6.1°,
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Fig. 4. Tail camera view of forebody vortices, a = 33.2°, § = 1.0°,

By measuring the angular position of the forebody
vortex system over a range of angle-of-attack and
sideslip conditions, the existence of asymmetries was
determined. Figure 5 is a sketch of the tail video cam-
era view with the measurement reference system used.
As indicated in the sketch, a line was drawn through
the midplane (in this case the vortex system position
is shown shifted to the left). This was accomplished
for several test points at a constant angle of attack
during wings-level sideslip and wing rock. The lines

drawn through the midplane tended to intersect at a
point just below the canopy surface as depicted in the
sketch by a cross. This “center” provided a simple ref-
erence system for tracking the angular position of the
vortex system. The angle between the midplane and
the vertical plane was called 8, and could be measured
to within approximately £3°. As noted in Fig. 5, +6,
is to the right, as seen by the tail camera, and -0, is
to the left.
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Fig. 5. Forebody vortex measurement technique.

The correlation of 8, with sideslip during one typical
cycle of wing rock at o = 41.3° is shown in Fig. 6. Each
of the points shown represents the angular position of
the forebody vortex system measured from individual
frames of video data every 1/30 sec. A straight-line
approximation was faired through the complete ma-
neuver data set. The linear approximation crossed the
origin at 8 = 0° indicating that at a = 41.3°, the

10H

forebody vortex system orientation is approximately
symmetrical.

The same procedure was used for test points at o =
25.5°, 35.0°, 41.3°, 46.0°, and 50.5°. Figure 7 shows
the straight-line approximations for each of the angles
of attack. In general the slopes of the lines are similar;
however for some angles of attack, the bias of the line
at B = 0° can be slightly positive or negative. The

- Linear
approximation

30 I 1 I

8 6 -4 -2

B, deg

¥
|
4

1
0 2

Fig. 6. Forebody vortex system position 6, as a function of sideslip at o = 41.3°,

"
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Fig. 7. Approximated forebody-vortex system position as a function of sideslip.

lines for & = 25.5° and 41.3° cross through the origin,
indicating that at # = 0° the forebody vortices are
oriented symmetrically. The lines for a = 35.0° and
50.5° are above the origin, indicating that the forebody
vortices are shifted slightly to the right. At a =
46.0° the line lies below the origin, indicating that the
forebody vortices at this condition are shifted slightly
to the left.

An asymmetry in the forebody flow field (which in-
cludes the vortex system) can influence the forces act-
ing on the forebody, as depicted in Fig. 8. The left
sketch shows the approximate orientation of the fore-
body vortices in a positive sideslip condition. From
the wingtip video it was observed that, in general, the
windward vortex lies closer to the forebody surface and
the leeward vortex is farther away. These findings cor-
relate well with the forebody surface pressure results,
which were also gathered during this flight program!4
and are shown on the right side of Fig. 8. These re-
sults are from a ring of surface static pressure ports at
fuselage station 231, just forward of the cockpit, at a =
44.5° and 8 = +3.3° and are presented in a polar plot
fashion. The view is looking forward. Note that the
right side of the forebody experiences a significantly
larger amount of suction than the left. This yields a
net side force to the right.

Judging from the low inboard position of the wind-
ward vortex, it is likely that the vortex sheet, which
feeds the vortex, separates much higher on the fuse-
lage, and stays close to the fuselage resulting in the
high suction levels. Conversely, the leeward vortex is

farther outboard indicating that the vortex sheet sep-
arates lower on the fuselage and remains farther out-
board resulting in lower suction levels. This agrees
well with the findings in Refs. 4, 15, and 16, which
are from ground facilities. It is also believed that the
slight asymmetries or shifts of the forebody vortex sys-
temn to the left or right at 0° sideslip are indicative of
an asymmetry in the pressure distribution which re-
sults in a yawing moment in the direction opposite to
the shift.

Figure 9 shows the yawing moment of the X-29A at
B3 = 0° (Cr,) and the forebody vortex system positions,
0., at 8 = 0° as a function of angle of attack. The scale
on the left corresponds to the yawing moment data
with yawing moment to the right being positive. The
yawing moment data set had been previously deter-
mined from parameter estimation and pilot comments
in flight! and is currently used in the flight simulator
aero model. The scale on the right side of the plot cor-
responds to the 8, data and reflects the proper yawing
moment direction (for example, —8, would yield a pos-
itive yawing moment). The X-29A was found to have
a Cy, = 0 up to a = 40° where a right yawing moment
began and continued to about 48°. At o > 48°, the
yawing moment reversed to the left. All vortex system
data points agreed well with the yawing moment data
with the exception of the data point at o = 35°.

The generally good agreement between the uncom-
manded yawing moments at § = 0° (Cj,,) and the an-
gular position of the forebody vortex system confirms
the hypothesis that the yawing moments at 8 = 0°
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(Cno) at high angles of attack are related to asym-
metries in vortex system.!® The cause of the asym-
metries is not known at this time; however, because
the asymmetries are repeatable they are attributed to
asymmetries or irregularities on the aircraft surface.

Surface Flow Visualization

The sketches in Fig. 10 represent the three primary
states of flow for the tuft and flow cones observed in
this surface flow visualization investigation. The vi-
sual tuft and flow cone data were interpreted using the
following chosen criteria for attached, unsteady, and
separated flow. Attached flow was defined as tufts or
cones in contact with the surface and showing little
motion. Unsteady flow was defined as tufts or cones
in contact with the surface and arcing up to approx-
imately £35°. Separated flow was defined as tufts or
cones on or off the surface arcing more than approxi-
mately £35°. This angular value was chosen because it
appeared to be a natural boundary between unsteady
and separated flow. The criteria were applied to video
data similar in nature to the sample wing and tail pho-
tos shown in Figs. 11 and 12 respectively. Figure 11
was taken by the tail 35-mm camera at o = 11.8°%
and Fig. 12 was taken by the wingtip 35-mm camera
at @ = 25.7°. Although similar, the video provided the
researchers with more information on the changes in
the surface flow with time. The tuft and cone video

data were analyzed by observing the average flow be-
havior over a 2- to 3-sec interval of video footage.

Wing Surface Flow

The shaded area on the right wing in Fig. 13 shows
the upper surface area which was visible to the tail
cameras. Figure 14 shows the flow conditions of the
upper surface of the right wing for several angles of at-
tack: the conditions were determined by observing the
behavior of the tufts and Aow cones during stabilized
1-g flight at constant angle of attack. At the upper
right corner of the figure is a key to the shading used
in the figure. White represents attached flow, grey rep-
resents unsteady flow, and dark grey represents sepa-
rated flow.

As shown in Fig. 14, at o = 5° some inboard un-
steady flow occurs downstream from the canards. At
a = 10°, attached and unsteady flow covers all of the
wing surface and is predominantly streamwise in direc-
tion. At a = 15°, less than half of the flow over the
wing is attached or unsteady. The unsteady flow re-
gion at a = 15° was observed to flow spanwise from
outboard to inboard, while the attached flow near the

IR,

Attached Unsteady

Separated 920403

Fig. 10. Flow condition criteria for tufts and flow cones.

Wingtip camera’
housing G

Fig. 11. Surface flow visualization photograph of the
upper surface of the right wing taken from the tail
camera at o = 11.8°.

wingtip flowed streamwise. Between a = 15° and 25°,
the amount of attached and unsteady flow on the out-
board region of the wing continues to decrease, but the
decrease is more gradual than at lower angles of at-
tack. In addition, in the angle of attack range between
15° and 25°, as the angle increases, the orientation of
the flow over the outboard section of the wing becomes
increasingly spanwise. At a = 25° and above, some re-
versed separated flow was noticed around the trailing
edge and at 70 percent of the wing semispan. At o =
30°, the complete wing upper surface is separated.

The general trend observed in the tuft and flow-cone
movement was that the more disturbed flow begins at
the wing root. With increasing angle of attack,the
flow disturbance increases in intensity (from attached
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Fig. 12. Surface flow visualization photograph of the
right side of the vertical tail taken by the wingtip cam-
era at a = 25.7°.

Fig. 13. Tail camera view of the right wing.

to unsteady to separated) and spreads outboard as
expected.? By a = 30°, flow on the upper surface of
the wing is completely separated.

Figure 15 is a plot of lift coefficient C (determined
from unpublished wind-tunnel data*) as a function of
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angle of attack for the X-29A configuration. The lift
curve slope is steepest between o = 0° and 10°, which
is primarily a result of increasing wing camber (the
flight control system schedules the camber to stop in-
creasing at o = 10°). The surface flow visualization
results, however, showed an absence of separated flow
at these angles of attack which, we believe, also con-
tributes favorably to the lift curve slope. At a = 10°,
a large reduction in the lift curve slope occurs. This
reduction is partly caused by the camber scheduling;
however, the large increase in separated flow over the
wing between a = 10° and 15° is also believed to con-
tribute to the reduction. At o = 20°, 25°, and 30°
there are subsequent increases in separated flow; this
trend correlates well with the gradual reduction in the
lift curve slope.

Tail Surface Flow

The sketches in Fig. 16 show the flow conditions on
the right surface of the vertical tail of the X-29A for
several angles of attack. These conditions were deter-
mined by observing the behavior of the tufts on video
recorded by the right wingtip camera during stabilized
1-g flight at a constant angle of attack. The same shad-
ing codes are used here as were used in the wing results.

As shown in Fig. 16, from a = 5° to 15°, attached
and unsteady flow covers all of the vertical tail sur-
face with the exception of separated flow in the region
directly downstream of the tail camera fairing, which
is also the likely cause of the separated flow. In the
attached and unsteady region, the surface flow is pre-
dominantly streamwise in direction. At a = 20°, sep-
arated flow covers the entire heat exchanger, located
under the vertical tail, and merges with the separated
flow downstream of the camera fairing. Unsteady and
attached flow still covers most of the tail surface. By
a = 25°, the separated flow region has spread upward
considerably leaving only the tip covered in unsteady
flow with a slight spanwise orientation. There is no ev-
idence of attached flow at o = 25°, and at a > 30° the
complete vertical tail surface is covered with separated
flow.

The general trend observed in the tufts was that the
more disturbed flow begins at the base of the vertical
tail, as expected because of the wake of the camera fair-
ing, and the proximity of the fuselage and wing wake.
With increasing angle of attack, the flow disturbance
caused by the fuselage and wing wake rises up the ver-
tical tail. By a = 30°, flow on the vertical tail surface
appeared completely separated.

*Krumenacker, J., “Revised X-29A High Angle of Attack,
Flexible Aerodynamic Math Model {AERO9B); Equations,
Computer Subroutines, and Data Tables,” Grumman Air-
craft Systems Division (GASD) Memo No. 712/ENG-M-88-
054, Nov. 1988 (unpublished).
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Fig. 14. Flow conditions of the upper surface of the right wing for various angles of attack.
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Fig. 15. Wind-tunnel-derived lift coefficient as a functiori of angle of attack.

Figure 17 is a plot which shows the directional sta-
bility (ACh,.,..) 8s a function of angle of attack caused
by the tail. The directional stability was computed by
subtracting the vertical tail-off C,, from the tail-on
Chn, (unpublished wind-tunnel data). On the average,
the stability curve has a positive slope up to a =~ 20°,
correlating well with the surface flow visualization data

11

which showed little or no separated flow on the up-
per vertical tail surface at these conditions. Between
a = 20° and 35°, the ACy, ,,, value decreases con-
siderably. This sharp decrease correlates well with the
large increases in separated flow on the tail for the cor-
responding angles of attack. Recall that by a = 30°
separated flow covered the entire vertical tail surface.
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Fig. 16. Flow conditions of the vertical tail (right side) at various angles of attack.
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Fig. 17. Directional stability caused by the vertical tail as a function of angle of attack.

As might be expected, rudder efficiency also suffers a = 15° with a sharp increase in the rate of decline
at the higher angles of attack. The plot in Fig. 18 is starting at o & 24°. The sharp decreases in rudder
wind-tunnel data of the yawing moment caused by rud- control also correlated well with the large increases in
der deflection (Cp, ) as a function of angle of attack.! separated flow observed on the vertical tail surface as

A significant decrease in rudder efficiency starts at angle of attack increased.
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Fig. 18. Yawing moment caused by rudder deflection as a function of angle of attack.

Concluding Remarks

Surface and off-surface low visualization methods
were successfully applied to the X-29A at high angles
of attack. The ofl-surface flow visualization method
consisted of entraining smoke in the forcbody vortex
systemn. The surface flow methods consisted of attach-
ing tufts and flow cones to the vertical tail and the
upper surface of the right wing.

The relationship between the angular position of the
forebody vortex system and the sideslip angle was de-
termined for several angles of attack. For 07 sideslip at
certain angles of attack, the vortex system was oriented
slightly to the left or to the right. These orientations
correlated well with 0° sideslip yawing moment (Ch,,)
data previously determined for this aircrafl.

With increasing angle of attack, the separated flow
initiated at the wing root and spread outboard cover-
ing the entire wing by 30° angle of altack. The large
reduction in the lift curve slope at angles of attack >
10° correlated well with the increasc in separated flow
on the wing upper surface.

Flow separation on the vertical tail at angles ol at-
tack > 20° correlated well with the large decrease in
directional stability due to the tail for corresponding
angles of attack. This is likely the result of the tail
being immersed in the low cnergy wake of the aircrall
fuselage and wings.
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